Introduction
============

Polymersomes are artificial vesicles enclosing an aqueous cavity, resulting from self-assembly of amphiphilic copolymers \[[@r1], [@r2]\]. Additionally, optimization on the vesicular membrane can help to adjust the polymersomes for different applications, e.g. as drug delivery vehicles or artificial organelle \[[@r3]-[@r7]\]. Polymers are chemical compounds consisting of many repeating subunits called monomers, and they can exist as chains or in branched form. Besides synthetic polymers, natural polymers are essential in nature, as they are involved in different aspects of life on the molecular level. Deoxyribonucleic acid (DNA) and proteins for examples are two essential biopolymers and without them life would not exist in the form we know it. DNA and proteins consist of different subunits (monomers), while PET or PEG are buildup of only one kind of monomer. Polymers consisting only of one type of repeating unit are called homopolymers, while polymers made from different building blocks are called copolymers. As polymers (homo and copolymer) are made up of typically more than ten repeating units and have a high molecular weight, they are also classified as macromolecules. Polymersomes are highly versatile and biologically stable systems and their overall properties and drug encapsulation and release capabilities can be easily tuned by applying various block copolymers that are biodegradable and/or stimuli-responsive. These advantages make polymersomes one of the most interesting supramolecular structures for potential applications in delivery of drugs, genes and proteins in the newly emerging area of nanomedicine and nanobiology.

Block Copolymers
================

Polymers that are used to form polymersomes are called block copolymers and have an amphiphilic nature \[[@r8]\]. Block copolymers are macromolecules that contain different adjacent blocks of chemically distinct monomers, different composition or different sequence distribution \[[@r9]\]. A block copolymer that consists of two types of monomers is called a diblock copolymer. When the block copolymer contains a hydrophobic (non-polar) and a hydrophilic (polar) block it possess amphiphilic properties. Amphiphilic block copolymers can self- assemble in aqueous solution into various supramolecular structures such as micelles, rods, nanoparticles or polymersomes \[[@r10],[@r11],[@r12]\].

Triblock copolymers composed of an inner hydrophobic block attached to tow outer hydrophilic blocks are also used for polymersome formation. Examples of triblock copolymers used for polymersome formation include poly (2-methyl-2-oxazoline)-b-poly(dimethylsiloxane)-b-poly(2-methyl-2-oxazoline) (PMOXA-PDMS-PMOXA), poly (N-vinylpyrrolidone)-b-poly(dimethylsiloxane)-b-poly(N-vinylpyrrolidone) (PNVP-PDMS-PNVP) \[[@r13]\].

PMOXA (the hydrophilic block) has been observed to be biocompatible and is mostly cleared from the blood stream after 24 h14. As degradation of PDMS in the body is slow, the clearance from the blood stream is linked to renal clearing. PDMS with lower molecular weight (around 5 kDa) can be removed from the body easily, while higher molecular weight PDMS has a tendency to accumulate in tissue \[[@r14]\]. The molecular weight cut-off in kidney is approximately 30-50 kDa \[[@r15]\], which explains that smaller the polymers are, the better they get cleared from the body, even if they are not biodegradable. Additionally, an advantage of PMOXA is that it is protein repellent \[[@r16]\], which could be helpful for medical application to avoid an immune response. Being protein repellent refers to the stealth properties of pegylated liposomes, which show better blood circulation properties as non-pegylated \[[@r17]\]. The hydrophilic block of the polymer is in contact with the body fluids, PMOXA is preferred because of its non-ionic nature. In case of charged polymers the self-assembled polymersome could induce stronger immune response and therefore be less tolerable for medical applications. Additionally, it was shown that PMOXA can be used for medical applications \[[@r18],[@r19]\] and by end-functionalization additional properties e.g. cell targeting, can be introduced on the surface of the nanoreactors \[[@r20]\].

PNVP, another hydrophilic polymer, shows low toxicity even at high concentration of up to 1000 μg/mL \[[@r21]\]. PNVP was used as hydrogel for drug delivery for controlled release of different drug substances \[[@r21],[@r22]\]. PNVP can also be used as solubilization agent, due to its high water solubility, which then can be used to conjugate for example to tumor necrosis factor-α(TNF-α) and then apply it intravenous to mice \[[@r23]\]. The PNVP conjugated TNF-α had extended blood circulation time compared to PEG-TNF-α and a 90-fold higher plasma-life than native TNF-α, which proves the biocompatability of PNVP in animals.

PDMS, the hydrophobic block, which is used as constituent material for contact lenses or breast implants, is known to be biocompatible for a long time \[[@r24]\]. Due to the good ability to form PDMS with accuracy of few nanometers \[[@r25]\], it has also been used for life-saving devices like pacemakers and is well-known in the medical field. PDMS is used in food industry as anti-foaming agent as additive E900 in concentrations up to 10 mg/L, and shows good tolerability in humans. Additional silicon based polymers also have a good bio durability helping to improve stability of self-assembled structures made of PDMS. PDMS has a low glass transition temperature (Tg= 146 K), which makes the PDMS chain flexible at room temperature or higher \[[@r26]\]. Otherwise it is also stable under oxidative conditions and at higher temperatures, which partially explains the good chemical and biological stability \[[@r27]-[@r29]\]. The combination of one hydrophilic polymer (PMOXA and PNVP) with the hydrophobic PDMS allows to build an amphiphilic polymer, which can then be used for self-assembling nanomedical structures, since all of the polymers are known to be tolerable for medical applications.

Self-assembly of amphiphilic block  copolymer
=============================================

PEG-PEE: poly(ethylene glycol)-b-poly(ethyl ethylene); PEG-PBD: poly(ethylene glycol)-b-poly(butadiene); PMOXA-PDMS-PMOXA: poly(2-methyl-2-oxazoline)-b-poly(dimethylsiloxane)-b-poly(2-methyl-2-oxazoline); PEG-PLA: poly(ethylene glycol)-b-poly(lactide); PEG-PCL: poly(ethylene glycol)-b-poly(ε-caprolactone), PEG-PTMC: poly(ethylene glycol)-b-poly(trimethylene carbonate); PEG-PTMBPEC: poly(ethylene glycol)-b-poly(2,4,6-trimethoxybenzylidenepentaerythritol carbonate).

Amphiphilic block copolymers can, as already mentioned, self-assemble in aqueous solution into different structures. The obtained architecture depends on several parameters such as concentration, molecular weight, geometry of the amphiphilic polymer or the ratio of the different blocks. The preferred structures are polymersomes and therefore the chosen triblock copolymers need to be optimized to form vesicular structures with an aqueous core. A similar behavior can be observed if lipids -- naturally amphiphilic molecules -- are dissolved in aqueous solution. Liposomes (from lipids and the Greek word soma (body)) are normally formed in aqueous solution, which is also the case for their synthetic analogue: the block copolymers \[[@r30],[@r31]\]. The self-assembly is mainly driven by non-covalent interaction (van der Waals forces) of the hydrophobic block. The aqueous phase favors the hydrophilic blocks and this triggers the self- assembly process to avoid water contact with the hydrophobic part of the block copolymer \[[@r32]\].

Polymersomes can be generated in different sizes, from tens of nm up to μm - so called giant polymersomes \[[@r33],[@r34]\]. The size of polymersomes is influenced by different parameters from the amphiphilicity of the polymers themselves, up to the preparation methods used to self-assemble the polymersomes. After the formation of the polymersomes their structure can be additionally influenced by external factors such as extrusion, sonication or freeze/thaw cycles \[[@r35],[@r36]\]. The thickness and fluidity of the membrane depends on the character of the block copolymer. The thickness of the polymersome membrane is influenced by the molecular weight and the block number (tri- or diblock) \[[@r37]\]. Triblock copolymers, with the same molecular weight as diblock copolymers, form thinner membranes and higher the molecular weight of a block copolymer is, the thicker is the polymersome membrane.

Polymersomes are mainly utilized for the purpose of encapsulation of the molecules. Further developments of polymersomes as nanoreactors, include the *in situ* production of active molecules. Nanoreactors combine the possibility to shield active molecules such as enzymes or proteins in nanometer size compartments, while preserving their functionality *in situ* \[[@r38]\].

Medical applications of self-assembled structures
=================================================

Polymersomes
------------

Lipid based drug carriers are already approved for nanomedical purposes and in clinical trials \[[@r39]-[@r42]\]. Nowadays drug delivery systems are created by encapsulation of the drug substance in the aqueous core of a self-assembling structure \[[@r38]\]. The drug could be then released from the drug delivery system can be triggered by, pH, redox potential, light, magnetic field, differences in ionic strength or by instability of the system \[[@r12]\]. The advantages of higher stability of polymersomes over liposomes can be used to obtain more controlled release kinetics. Release that will start only after the delivery to the specific site would be an additional improvement of nanomedical fomulations. For example, poly (butadiene-ethylene oxide) PB-PEO polymersomes were loaded with paclitaxel and they showed a steady release over 5 weeks at 37°C, correlated with reduced cytotoxicity \[[@r43]\]. Therefore, a long term drug releasing system can be achieved by choosing the appropriate polymer system. This is helpful to maintain a constant concentration of drug in the blood or target tissue for a long time, without the requirement of administration of further doses.

Fluorescently labeled poly(2-methacryloyloxyethyl phos-phorylcholine)-poly(2- (diisopropylamino)ethyl methacrylate) (PMPC-PDPA) polymers were used for example for

*in vivo* studies, because they preferentially accumulate in tumor tissue, which may enhance polymersome based cancer therapy \[[@r44]\]. The accumulation of a delivery cargo in tumor tissue is beneficial due to the reduction of the initial doses, related with lower side effects, as the drug is only released at the targeted site. Proper targeting and release of the active molecules in the desired location still needs to be improved for *in vitro* applications. Nevertheless, polymersomes have a broad range of biomedical applications in cancer therapy, diagnostics and vaccination \[[@r38]\]. Various types of commonly used polymers for the preparation of polymersomes is given in Table **[1](#T1){ref-type="table"}**.

Polymersomes are usually employed for targeted delivery of loaded active biomolecules. Further, developments of polymersomes as nanoreactors, included the *in situ* production of the desired active molecules. The greater stability of the nanoreactors compared to liposomes, is related to the polymer membrane and helps to maintain the encapsulated molecule within the cavity and let the active molecule react in the presence of the substrate or when activated by an external trigger. To supply the bio-active molecule with starting materials for the reaction and to guarantee the release of the newly formed molecules from the nanoreactor, a selective permeability of the nanoreactor membrane is required. Approaches to bring the bio-active molecule together with its substrate are i) using a substrate-permeable polymeric membrane or ii) inserting membrane proteins into the polymeric membrane to allow efficient exchange of molecule across the polymer membrane \[[@r45]\]. PNVP-PDMS-PNVP block copolymers as well as PMOXA-PDMS-PMOXA are permeable for reactive oxygen species \[[@r46],[@r47]\], while PMOXA- PDMS-PMOXA is also able to reconstitute channel proteins as the outer membrane protein F (OmpF), the ferric hydroxamate uptake protein component A (FhuA), the receptor protein for the phage T6 and colicin K (Tsx) or the Aquaporin Z (AqpZ) to increase the permeability \[[@r48]\]. In all cases, small molecules can to be exchanged from the aqueous cavity of the nanoreactor to the nanoreactor's environment and vice versa, while the bio-active molecule possesses a much higher molecular weight than the cut off of the channel protein cannot escape. The function of the nanoreactor depends on the nature of encapsulated bio-active molecule. For example, by choosing the encapsulated enzymes, the nanoreactors can be used either to produce antibiotics *in situ* \[[@r49]\] or to act as an artificial organelle \[[@r50]\]. Encapsulated photosensitizer can be used to generate a Trojan horse like nanoreactor for application in photodynamic therapy (PDT) \[[@r51]\]. Trojan horse nanoreactors generating ROS (reactive oxygen species) are also being tried to target cancer cells as specific tumor targeting approaches (Fig. **1**).

Potential applications
======================

Polymersomes are better suited for *in vivo* medical use as compared to many other similar types of vesicle structures. This is because the capability of polymersomes to encapsulate hydrophilic, hydrophobic and amphiphilic molecules like other vesicular structures, in combination with their thick and tough membrane, provides them with better stability *in vitro* as well as *in vivo*. Besides, the presence of a dense PEG brush with relatively long PEG polymers on the surface of polymersomes likely increases their biological stability and decreases immune reactivity (stealthiness), which helps prolong the circulation times in blood.

Photodynamic therapy is a new approach to treat the leading cause of death in developed societies- cancer. The current most widespread clinical strategies to treat cancer patient are: i) surgery, ii) radiation therapy and iii) chemotherapy \[[@r52]-[@r54]\]. Surgery is the fastest method but it has its drawbacks if the tumor is located close to a sensitive area or if the tumor has already formed metastasis no complete treatment can be achieved. Radiotherapy on the other hand, damages DNA, but lacks selectivity and therefore damages healthy neighboring cells or tissue.

Chemotherapy suppresses cell growth or kills quickly dividing cells within the body. As chemotherapeutic agents are distributed normally throughout the whole body undesired toxic side effects appear with this therapy, although the approach is advantageous in case of metastasized tumors. In the past few years, the efficacy of chemotherapeutic agents has been improved by formulating them within nanocarriers, which improve the circulation time in the blood, by preventing renal clearance and non-specific uptake \[[@r54]\]. Additionally, an increased and targeted uptake into tumor tissue can be achieved by the enhanced permeability and retention effect (EPR).

EPR relies on the ability of tumor cells to grow faster and therefore on the fact that these cells require more nutrients and oxygen. Consequently, the new formed blood vessels in tumor tissues show defects and larger openings that can allow the passage of structures with size around 200 nm compared to healthy blood vessel \[[@r7]\]. Therefore, nano-sized structures such as liposomes, polymersomes or micelles are favored in drug delivery by taking advantages of the EPR effect. Due to their size, these nanoparticles accumulate preferentially in the tumor tissue, while smaller molecules and larger assemblies do not profit from this size selection. The selectivity is only generated by the size and does not need an additional active targeting to the tissue. The selectivity is a crucial point of the treatment, as the more selective a treatment is, the less side effects can occur. Therefore, novel methods for more selective treatment are being developed to fight cancer and improve patient's conditions.

Because of the better stability and versatility of polymersomes than liposomes \[[@r55]\], they found many applications in nanomedicine. Hydrophilic, hydrophobic or amphiphilic compounds can be loaded in polymersoms, which makes them very attractive vesicles for various applications in drug delivery, biomedical imaging and diagnostics \[[@r56]\]. Thus, highly lipophilic anticancer drugs \[[@r57]\], dyes \[[@r55]\] and quantum dots \[[@r58]\] as well as amphiphilic dyes \[[@r59]\], transgenes \[[@r45]\] and membrane proteins (i.e. OmpF, LamB and FhuA \[[@r60]\] could be integrated within the polymersome membrane without compromising their functionality. Cationic polymersomes have been found to be useful in the longitudinal monitoring of transplanted stem cells by using dual-modal MRI and optical imaging, for tracking their migration \[[@r61]\]. It has also been demonstrated that cationic, SPION-loaded polymersomes can be effectively and safely used for labeling stem cells for cellular MRI \[[@r62]\]. These properties make them more applicable than liposomes and other vesicle structures.

Conclusion
==========

Advances in nanomedicine have led to the development of nano-sized polymersomes as vehicles for different medical applications such as prodrug delivery, gene therapy and for the delivery of imaging and other therapeutic probes to precise targets in the body. Utilization of polymersomes is appearing to be a promising strategy. However, more clinical studies are essential for its establishment as gold standard avenues.

Declared none.

CONFLICT OF INTEREST
====================

The authors confirm that this article content has no conflict of interest.

![Trojan horse like nanoreactor targeted into a cancer cell. Depiction of A ROS (reactive oxygen species) generating nanoreactor targeting a cancer cell to induce specific cytotoxicity to the cancer cell.](CNANO-13-124_F1){#F1}

###### 

Different polymers used for polymersome preparation.

  **Polymers**       **Formation method**               **Drug/stimulus for release**                      **Degradability**
  ------------------ ---------------------------------- -------------------------------------------------- -------------------
  PEG-PEE            Film rehydration                   None reported                                      No
  PEG-PBD            Film rehydration                   Paclitaxel, doxorubicin                            No
  PMOXA-PDMS-PMOXA   Phase inversion, UV crosslinking   Calcein                                            No
  PEG-PLA            Phase inversion                    Carboxyl fluorescein                               Yes
  PEG-PCL            Phase inversion                    Carboxyl fluorescein                               Yes
  PEG-PTMC           Phase inversion                    none reported                                      Yes
  PEG-PTMBPEC        Phase inversion                    Paclitaxel, doxorubicin/ pH-triggered hydrolysis   Yes
